The nature of the bonding in Be metal was studied by investigating the MEM map, which is the electron density distribution obtained by the Maximum-Entropy Method. In order to avoid extinction effects, 19 Bragg reflections were measured by a new powder-diffraction experiment that utilizes Synchrotron Radiation as an incident X-ray and an Imaging Plate as detector. The experiment was carried out at the Photon Factory BL6A2. In spite of the limited number of reflections used in the MEM analysis, the electron density distribution of Be was obtained accurately and reliably. The structure factors for unmeasured reflections were calculated and compared with the values observed by Larsen and Hansen [Acta Cryst. B40, 169 (1984)]. The agreement is very good. Furthermore, the MEM map revealed that Be metal forms an electronic layer in the shape of a honeycomb that is parallel to the basal plane.
Introduction
The electron density distribution in Be metal has been studied by several authors in the past two decades in order to reveal the features of bonding charge. Brown [1] measured X-ray structure factors for the 27 Bragg reflections with (sin Q/k) < 0.88 Ä -1 on an absolute scale. She proposed a model involving a 2p-like tight-binding wave function to account for the discrepancies of the observed and calculated structure factors. Stewart [2] reanalyzed her data with multipole refinements and reported that the valence maps showed bonding charge density between Be atoms along the c-axis through the tetrahedral vacancy. Yang and Coppens [3] studied the bonding in Be metal by recalculating the valence electron density and deformation density maps from Brown's data. Larsen and Hansen [4] measured X-ray structure factors of Be with even higher resolution, viz. (sin0/i) ^ 1.41 Ä -1 .
Hansen et al. [5] carried out a y-ray diffraction experiment. In these studies, the charge density distributions of Be were analyzed by Fourier methods and compared with results of theoretical studies [6, 7] .
Recently it was found [8] that the Maximum-Entropy Method (MEM) is very powerful for examination of the electronic structure of crystalline solids. The MEM analysis yields an improvement of resolution and enables one to derive an electron density distribution that is consistent with the observed structure-factor data and least biased with respect to unobserved structure factors without introducing any structural model. Thus it can be said that the MEM minimizes termination effects of Fourier summation. By the MEM, Sakata and Sato [8] have revealed the features of the covalent bonding of Si using data obtained by the X-ray Pendellösung method [9] . The fundamental features of the resultant electron density were consistent with the valence electron density [10] obtained by a pseudopotential calculation with coreorthogonalization terms.
For the MEM analysis it is very important to collect reliable data since a structural model is not used in this method. In terms of the study of electron density distributions by X-ray diffraction methods, it is generally known that the deformation of the electron density in crystalline solids, which shows a widely spread distribution in real space, contributes mostly to the forward scattering. Therefore, reliability of observed data is required especially in the low-angle region. By X-ray single crystal diffraction, lower-angle data tend to be affected by extinction and must be corrected by a method that depends on the structure model employed. Powder diffractometry makes it possible to collect reliable data with less risk of artificial bias such as extinction. Sakata et al. [11, 12] showed that reliable electron density data could be obtained from X-ray powder data by the MEM. Powder diffractometry has not been used to investigate the electron density distribution in Be metal. The purpose of the present work is to study the features of bonding in Be metal by using the newly developed method.
Experiment
In order to obtain a reliable charge density in Be, our main effort was to collect precise powder-diffraction data. For this purpose, a new powder-diffraction method [13, 14] , that is composed of a combination of Synchrotron Radiation (SR) and an Imaging Plate (IP), was adopted. The powder sample is mounted in a thin-wall capillary of 0.3 mm diameter. This experimental technique is suitable for materials composed of only light elements because the experiment is carried out in transmission geometry.
The X-ray powder data for Be were collected by the large Debye-Scherrer camera (radius 572 mm) at the Photon Factory BL6A2. The resolution of the angle 26 was 0.01°. The wavelength of the incident X-rays was 1.04 Ä. In order to obtain an X-ray powder pattern with good counting statistics, the diffracted intensities were accumulated on an IP for 5 hours, which is a rather long exposure time for IP experiments. Other experimental arrangements are described in detail in [13, 14] . In the present experiment a powder pattern with 19 low-angle Bragg reflections was obtained.
Powder Data Analysis
The integrated intensities for each Bragg reflection were measured by the profile fitting technique. The profile analysis was carried out by the computer program PROFIT [15] . The split Pearson-VII function was employed as a profile function in the present analysis. As an example, the result of profile fitting for the strongest reflection, which is [101] , is shown in Figure 1 . The R-value of profile fitting was 0.99%. It is understood that the profile function gave an excellent fit. By this analysis, the integrated intensity of [101] is determined with an error of 0.3%, if the error can be estimated by the agreement of profile fitting. Finally, the integrated intensities were determined for the 19 individual reflections with errors less than 5%. When the integrated intensities were converted to structure factors, the relative errors for the structure factors became less than 1.4%.
The MEM Map of Be
The details of the procedure to obtain MEM density distributions from powder data are given in [8, 10] . The present theory of MEM is based on Collins's formalism [16] . For Be, the number of the pixels used is 60 x 60 x 60.
In order to present the results of the MEM analysis, the MEM density map, which is the electron density distribution map obtained by the MEM, will be shown. In Fig. 2 , the MEM density map of the Be (llO)-plane is shown. Fig. 2 (a) and (b) show higher and lower-electron-density regions, respectively. There is no negative-electron-density region in the MEM map. In Fig. 2 (a) , only atomic sites appear as sharp maxima of the electron density with a peak value of 50.1 e/Ä 3 . These electrons correspond to core electrons of the Be atoms, which are usually not shown by the conventional deformation map. In Fig. 2 (b) , apart from electrons around atomic sites, small peaks of the electron density can be seen in the bipyramidal space around the tetrahedral holes, which are indicated by T. On the other hand, compared with the tetrahedral holes, the depletion of electrons can be observed in the channel formed by adjoining octahedral holes along the c-axis. Such depiction of the electron density is consistent with the deformation and valence maps in other works [3] [4] [5] . It should be noted that the present results are obtained in the form of an electron density purely from experimental data and free from any structural model. These characteristic features imply that the bonding nature of Be cannot be described by a simple metallic bonding of the nearly-free electron model. The bonding of Be has been interpreted as the deformation due to the hybridization of the s-and p-orbitals in the Be crystal [3, 4] .
The electron density at the small peak close to the tetrahedral hole in the MEM map is 0.37 e/Ä 3 . The experimental valence map of Larsen et al. [4] and the LCAO theoretical valence map [7] gave a slightly smaller value, viz. 0.3 e/Ä 3 . The difference may not be significant because the MEM map gives total electron densities whereas other works deal with valence elec- trons only. Therefore it was concluded that a reliable electron density could be obtained by the MEM without introducing any structural model from X-ray powder data. The present results could provide instructive information for theoretical studies, although more elaborate examination is necessary for details of the features in the MEM map.
The Resolution of the MEM Map
The MEM is basically a method of a statistical deduction. It is, therefore, possible to calculate the deduced structure factors from an MEM density map for unmeasured Bragg reflections. In order to demonstrate that, the calculated structure factors from the MEM map are shown in Fig. 3 together with the observed values of Larsen and Hansen [4] . The structure 
Fig. 3. The plots of F (h k l)/C (h k I) vs. sind/X with calculated values (o) and Larsen and Hansen's data ( x). C (h k I)
is the phase factor. factors obtained in the present study and other published structure factors are also listed in Table 1 . For unmeasured reflections, the calculated values show very good agreement with the experimental values. In this study, only 19 lowest-angle structure factors were used for the MEM analysis. The present results, however, were not affected severely by the termination effects of the Fourier summation. The demonstration shown in Fig. 3 explains the reason well.
The Electronic Layer Structure of Be
In the MEM map, the electron localized in the space around a tetrahedral hole can be observed simultaneously with the electron density of the atomic sites, as shown in Figure 2 . This gives a big advantage in examining the nature of chemical bonding in the crystal. In order to observe the distribution of the localized electron around the tetrahedral holes as well as that of the atomic sites in the basal plane, the MEM map projected for one stacking layer is shown in Figure 4 . In this figure, the contour lines are shown only for the lower-electron-density region. The localization of the electron density is clearly shown in the space around a tetrahedral hole, whereas the electron density is shallow in the space around an octahedral hole. It is also seen that the localized electrons around the tetrahedral hole form a multi-center bond and are connect- (7) ing atoms forming a honeycomb network in one stacking layer. In order to examine the configuration of such a network of localized electrons further, a new kind of illustration of the electron density distribution is tried, viz. the MEM density map in the zigzag plane composed of crystallographically equivalent {110}-planes along the network that is indicated by the solid line in Figure 4 . This zigzag plane is represented schematically in Figure 5 . The MEM map of the zigzag plane is shown for four stacking layers in Fig. 6 to demon-strate the connectivity well. The figure reveals that the localized electrons in the space around a tetrahedral hole are connecting the atoms within the (001) atomic plane, and there is no overlap of electrons between the planes. Consequently, it can be said that the Be atoms form an electronic layer structure in the hep crystal.
The plastic deformation modes by slip [17] in the hexagonal close-packed structure have been investigated early in this century by many authors. For Be crystals, the slip occurring along the (001) basal plane is reported as the primary slip mode. This seems to have a close relationship with the feature of the electronic layer structure in Be obtained in this study if it is assumed that the localized electron density in the tetrahedral hole acts as a bonding electron. This suggests that the MEM map could provide an atomistic understanding of the elastic properties. Further investigation of the MEM maps of other hep metals such as Zn, Mg, etc. is necessary to explain the relationship between the configuration of the localized electrons and the slip deformation of an hep metal.
In conclusion, by the MEM map obtained from our powder data, new aspects were revealed for the electron density distribution in Be metal.
